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SUMMARY 



This investigation vras made to determine tlie influ- 
ence of fuel q^uantity, injection advance angle, injection 
valve-opening pressure, inlet-air pressure, compression 
ratio, and engine speed on tlie time lag of auto-ignition 
of a Diesel fuel oil in a single-cylinder compression- 
ignition engine as olitained from an analysis of indicator 
diagrams o Three cam-operated fuel-r-injection pumps, two 
pump cams, and an automatic injection valve •with two dif- 
ferent nozzles were used. Ignition lag was considered to 
be the interval between the start of injection of the fuel 
as determined with a Stroborama and the start of effective 
combustion as determined from the indicator diagram, the 
latter being the point where 4,0 X 10"^ pound of fuel 
had been effectively burnedo 

For this particular engine and fuel it was found that: 
(1) for a constant start and the same rate of fuel injec- 
tion up to the point of cut-off, a variation in fuel cLuan- 
tity from. 1.2 x'lO""* to 4,1 X 10"* pound por cycle has no 
appreciablo effect on the ignition lag; (2) injection ad- 
vance angle increases or decreases the lag according to 
whether density, temperature, or turbulence has the con- 
trolling influence; (3) increase in valvo-opening pres- 
sure slightly increases the lag; and (4) increase of inlet 
air pressure, compression ratio, and engine speed reduces 
the lag. 

INTEODUOTION 



Considerable attention has been given during the past 
ten years to the delay period, Tisually termed "ignition 
lag, " occurring in compression-ignition engines between 
injection and burning of the fuelo This lag is found to 
occur when fuel is burned in bombs, on heated surfaces, 
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and in Internal-comlmstion engines. TM s 1 ag is of con- 
siderable impor'banc«s in regard "to engine perf ormEmce , If 
the delay is too long/' a: large iju^in-tity of ^uel will "be . 
ignited simul taneouisly with the consequent liability of 
hrealEag© of engine pacts', ■,; ^arniiig, of the fuel immediately 
upon injection would permit comhustion to "bo coixtrolled 
and the desired form" of .cycle to be obtained .by controlling 
the rat© of injection. Engine performanco would bo conso- 
quently improved and the life of the engine parts longth- 
onod, 

ITo particular "factor has boon definitely shown to con- 
trol -l-gnifi on lag,' although various factors influonca it, 
A sui?voy of the rocont literature shows that the chemical 
composition of thq fuel has a greater of feet . than .any of' 
its physical proportioSfl Howovor, the lag may bo influ-* 
oncod by mechanical and thermal moans, 

Tho purpose of this? ' invostigation was to dotormino by 
analysos of indicator diagrams talcon from a comproBsi on- 
ignition engine the influonco of fuel quantity, injection 
advance angle, injection valve- opening .pros sure , inlot-air 
pressure, conprossion ratio, and engine ppood. oh tho time 
lag of auto-ignition of a Diesel fuel oil«^. This time lag 
is considered as the interval betweeji the V appearance of 
the spray at the fuel-injection valve nozzle and the time 
when analysis of the indicator diagram shows that an arbi- 
trary weight of fuel has been effectively burned. In speak- 
ing of fuel burned or of combustion, ' "effective" will be 
implied and will mean the combustion of the quantity of fu- 
el deducible from the indicator diagrams and will not in- 
cllidb that dissipated' as heat losses. Ihis inve'stigation 
was conducted by tho national Advisory Committee for Aero- " 
nautlcs during tho. spring of 1932, 

AFPAEATUS AtTD METHOD' • ' : _ 



ffor this analysis indicator cards wore obtained from 
sovoral investigations mado on tho H,i..C.A, universal tost 

ongino doscribod in roforonco 1, Tho cylindor hoad usod 
had a comb-tL-stlon chambor formod botwoon tho horizontally 
opposed inlbt -aad ■ o*haxt..e..t Yalves-as shown in Pigurp I, 
Tho combustion- : caanhars.' WOT (3 ,ido.:v"tl.cal for" all tests except 
that three different s.pace.r . rin-:i3 woro usod between tho •; 
cylindor and tho"' hoad to. -phnjige the cooprossion ratio, 
ffor a coEiprossion ratio of 12,6 tho hoad shown as (a) was' 
usod; for a compression ratio of 15.3 the head shown as 
(b) was used. 
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Three fuel-injectton ptLmjis ■were, used dur ing. . tlii s in- 
vestigation, pnef was a Boscji pump and the' "others were ITo, 
7 and ITo. 7-A putaps, devsioped at this lalDoratory"." The 
Bosch punp is descrihed in reference 2, The ITo, 7 pump is 
the pu'mp deScrited in reference 3, The Ho. 7-A puiap is 
similar in design tut has a larger plunger diameter. Two 
different pump cams were used with the iahoratory pumps. 
Reference 4 shows the punp-plunger displacement resulting, 
from the use of these cans with Ho. 7 puxipn Two fuel- 
injection nozzles were used with the automatic injection 
valve. Both nozzles had six orifices in one plane so di- 
rected as to form a fan-shaped spray coincident with the 
largest section of the comhustion chamher. These nozzle-s 
were designed according to the proportional-area princi-. 
pie descrihed in reference 5* The orifice areas of those 
nozzles were slightly different, "being 0,00072 sjid 0.00079 
square inch. The nozzle having the smaller area was used 
for hoth the 12«6 and 14.8 compression-ratio tests; the 
other nozzle with the larger orifice area heing used for 
the 15.3 CQ.mpression-ratio tests. ' 

The fuel used was a commercial grade of Diesel fuel 
oil having a specific gravity of 0,847 and a "Sayholt Uni- 
versal viscosity of 41 seconds at 80° ff, 

A .4-inch RootS-type supercharger with a pulsation- 
dampening tank was used in thie tests of varying the inlet- 
air pressure. 

J^igure 2 shows a typical indicator diagram taken with 
a modified Farnhoro engine .indicator. (Reference 6.) The 
amount of fuel burned 'at different positions " eluding the 
cycle was determined by the method described in a report 
on the analysis of indicator diagrams now' being prepared. 
The time of spray start was determined by observing with 
a Stroborama the spray injecting into the atmosphere. It 
was found for the infection systems used that neither air 
pressure nor engine speed had an appreciable influence on 
the start of injection. 

The. investigation was divided into four sections to 
.show the effe.ct of: (l) Variable fuel quantity, (2) va* 
riable. inje.c.ti.oii .advance aafigle (I'.A.A,), (3) variable 
inlet-air^ pressure , "and (4) variable speed. Tests were;" 
made, under, "(.2) ;, ^6r 'va;rious 'inlet^air ptessures-, comprei- 
sion' ratios, and ' inj ection valve-opening pressures. Com- 
pression ratios of 12, B, 14,8, and 15,3 and valve-opening 
pressures of 3,000, 4,650, and 5,600 pounds per square 
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inch were used. The fuel quantity was varied from 
1,2 X 10"'* to 4.1 X IQ—* pound per cycle; inlet-air abso- 
lute pre s's-ures from 20 to 40 inches, cf .mercury ; and engine 
spee.ds fyqm 1,000 to 1,750 rop.mo ._A11 test data except 
those for the variati'le speeds were taken at 1,500 r.p.m. 

RESULTS AITD DISOUSSION 



Analysis of a large number of indicator diagrams has 
shown that the determination of the actual start of combus- 
tion is quite difficult, Figure 3 has been prepared to 
show the effect oh ignition lag of considering different ■ 
quantities of. fuel burned as the s.tart of combustion'* JLn 
inspection of the figure shows that all curves have the 
sane trend irrespective of the amount of fuel burlaed. The 
least quantity of fuel burned that gives the smallest vari- 
ation of the tine lags from a smooth curve is 4,0 X"ip~® 
pound. Similar results have been obtained in other indi- 
cator diagram analyses and 'therefore ignition. lag is de- 
fined in this report as the pericd between the-start of 
fuel injection and the time wheii 4,0 X 10~® pound' of fuel' 
has' been burned, : 

It is realized thq,t the ignition lags -based on- this 
definition are longer than is the o-aso when no fuel is 
burned,' However, owing to the small amount, of .fuel that 
is burned during the delay period and to the composite in.- 
dicator diagram being analyzed, it is difficult to obtain 
definite trends by considering the start of _ combustion to. • 
occur when smaller fuel quantities are burned » 

The results of the investigation are shown -in Figures-. 
4 to 9', The figures, however, cemnot be correlated be- 
cause' each represents a series of runs made under differ- 
ent engine conditions. _; 

■gueil .quan'blty;." Figure 4 shows the effect of fuel 

quantity on ignition lag. These curves wore obtained un- 
der test conditions which were c-onstanb for e.ach ci-ir-vo, 
except t^iat the quantity of fuel injected ;w.as varied by 
changing- the 'time -of cut-off of the fuel i.spTay , The curves 
show that for .a c on st'an't 'start and; ths sam.©..r.a.te o_f injec- 
tion up- to 'the- -poihir of qut-off a v,ai iatioa^-in f-uel quah— 
tity f rom 1\2 X- 10"'* 'to 4^1 X 10~*po-and per . cycle ha's -no 
appreciable- effect on ignition lag,. 
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In jection adyance a ngle .- Figures 5 and B show the ■ 
effect of I, A. A, on ign.ititn lag. It will "be noted that 
tha curves in Figure 5 a?id those in Figure 6 for.;all inlet- 
air pressures of l6s.s than 38 inches of mercury' are con- 
cave upward, Aljove this pressure the curves are •concave, 
downwardo This reversal in trend of the curves is appar- 
ently independent of- compression ratio for the same effect 
is noted for two compression ratios, (Soo fig. 6,) The 
variation in the ignition "lag shown in the figures is proh- 
alJly due to . comhinatiq'ns of the effects of density, turtlu- 
lonco, and tbmporature of the air, IToumann (referoncp 7) 
found that as the difforonce hotweon the air tomporaturo 
and ignition tomporaturo of "tJio fuel, which docreasqs with 
density, incrbases the ignition lag decreases and also 
that the lag • decroasos with increased turTDulencoo Dicksoo 
•l-roforenco 8) found' the lag to decrease hy increasing tho 
JoA.Ao f rom. 0° to 12.5° in onb' engine, but in another with 
a noro definite and ordbrly air flow an increase of I, A, A, 
f.r,pm 15° to 24° increased the lag, 

' ■. ■ • Valya-openin ^ pr e ssure o- Figure 5 also shows the ef- 
..fec.-t of val'v9'-opening pressurie (v,o,p.)r on ignition lag 
;-f-Gr two different fuel' "pumps e" In- both ca'ses it is seen' 
■that an increase in'v.OopV resulta in a slight increase in 
lag. Increasing the v.Oop. increasas the rate of injec- 
tion (reference 2) and tlie fineness --and uniformity of at- 
omization of the sprays,- ■ (Eeferenc'e 9,) ■ An. increase in 
the rate of injection tends to increase the lag "because 
of the increased quantity of fuel present in the engine 
•cylinder which requires a. greater quajjtity of heat to "be 
■absorbed by the fuel to attain its ignition temperature, 
A decrease in drop Size should-deer ease the lag because 
less time would be required for the smaller liquid parti- 
cle to attain its ignition temperature, - 

Inlet-air press ure.- The' effiect of variab,le. iniet-air 
pressure is shown in Figure 6, It will be noted that as 
the pressure increases the ignition lag decreases. This 
change was not due entirely to pTe-ssiore, because .the inlet- 
air temperature increas'ed froii 80° to 125° F. for. this 
range of inlet-air pressure on account of the heat added 
to the air by super charging o The combined effect of these 
two factors probably controlled the reduction in ignition 
lag, A cross-plot of these curves shows tha.t ignition lag 
decreases lineally with increase in inlet-air pressure. 
For a large range of inlet-air pressures this statement is 
not strictly true, as shown in Figure 7. However, the 
deviation is small and for all practical purposes it may 
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"be coacluded that Ignition.lag decraa^Qs lineilly with 
Increase in Inlet-air pressure. These reb'tLlts suhstanti- 
ate thoso obtained 1>y Mnoklow (reference 10^, frho" found 
that the ignition lag increased lineally as the inlet-air 
pressure was reduced' helow- atmospheric, the slope -of -hi s 
curve increasing, however, with the power "output, " 

' ■ ■■ ■ . . ' ' ' 

ppm pression ratio .- Figure 8 shows tlie effect 'of com- 
pression ratio on ignition lag, \ It", will be seen thki' the 
lag is reduced by increasing the. compreBsion ratio. The 
main reason for this .decrease is. probably the greater 
difference at large compression ratios between the temper- 
ature of the compressed air at ignition and the Ignitioli 
temperature of the fuel. (Eef-erence 7.) It should be 
recalled that during this series of tests different fuel 
pimips and injection nozzles were used, but it is believed 
'that although these factors may influence the lag, their 
effect is small compared, with that of compression ratio. 

Bn plne speed.- Figure 9 shows that . ignition lag de- 
creases as the engine speed, is' .increased fr'om l.OOO to 
1,750 r.p.mo The effect is due to the comb.ination of" the 
.influence of air temperature,, turbulence, and initial rate 
of injection. The first two. factors increase with engine 
speed and reduce ignition lag, whereas the latter (refer- 
ence 2) also increases with engine sp'eed and, as discussed 
under the section o:ii"' valve- opening pressure, increases 
the lag. 

In this test, indicator diagrams were taken for engine 
speeds from 1,000 to 1,750 r.p.m., the I. A, A. varying from 
3 to 11 crank degrees, ■ An i?ispection of the un supercharged 
results of Figure 6 for a compression, ratio of 15,3 shows 
that for this range of advance angles the variation in lag 
is smalli Therefore, the curve of lag against speod was 
drawn considering the advance angle to be constant, 

Dicksee (reference .8) found the same effect for engine 
speeds above 800 r.p.m,, but for lower speeds he found 
that the ignition lag decreased. 
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C01ir.CLUS.I0NS 



Ignition lag, wiien defined, as ttie period between, the 
start of. fuel injection and' the point at which analy si s' ' 
of the indicator 'diagram shows that 4., 0 x 10"^. p.bund of 
fuel has heen effectively hurned, shows' a definite trend 
of- the influence of - several engine factors. 

1q Jot a constant star1>..a'iid the same rate of fuel 
i'nj'ec'ti'on up t'6 the point of cut-off a variation in fuel 
quantity from 1.2 X 10"* to 4.1 X 10~'* pound pet cycle 
iia.s no appreciahle .effect on ignition lag, 

'2a Injection advance angle increases or decreases 
the ignition lag according to whether density, temperature 
or tur-hulence has the controlLing influence. 

3, Increase in valve-opening pres.sure slightly in- 
creases the lag* 

4e Increase in inletrair pressure, coupressicn ratio 
and engine speed reduces fhe. lage 



Langley Memorial Aeronautical Laboratory, 

National Advi sory "Committee for Aeronautics, 
Langley Field, Va., Octo'ber 19, 1932. 



8 



IT.A.C.A. Tochnical HTote Ho, 434 



EE^EEEIOES 



1» TTare, llarsden! " Description of tlie ST.A.O.A. Universal 

Test Engine and Some Test Results, T.R. No* 250, 
' ■ ■ ■ ir.A»C,A,-,' 1927i, ■ • ■ ■ 

2 , ■Greialles , A." G-. , and Marsh, 1. 0?,: Rates of Fuel Dis- 
' charge as Affected -by the Design of Fuel-Injection 
Syatoms for Interiial-Oonbustlon Engines.. T.E, No. 
433, II.A.O.A,, 1932. 

5i Gerrish, Harold 0., and Toss, Fred: Investigation of ' 

■ the Discharge Rate of a Fuel-Injection System. r.N, 
No. 373, N. A. C. A, , igSl.- 

4. Spanogle, J. A,, and Trhitney, B, G. : The Effectiveness 

■ of a Douhle-Stem Injection Valve in Controlling 
Ocm"bustion in a Corapressi on-Ignition' Engine. T.N. 
No, 402, N.A.C.A. , 1931, 

5o Spanogle, J, A,, and Foster, H, H. ; Basic' Requirements 
of Fu&l-Inj ection Nozzles for Quiescent Combustion 
Clianbers, ■ T.N-. Nbi 382,' N, A. C . A, , 1931, 

6, Collins, John H, , jr.); Alterations and lests of the 

"Farnboro" Engine Indicator, T.N. No. 348, N.A.C.A., 

1930e 

7, Neumann, Kurt; Experiments on Self-Ignition of Liquid 

Fuels, T.M. No. 391, N, A. 0. A. •, ' 1926, 

8, Dicksee, C. B. : Some Problems Connected with High-Speed 

Compression-Ignition Engine Development. Jour. 
Roy. Aero. Soc, Sept., 1933,- 

9, Lee, Dana 7.: The Effect of Nozzle Design and Operating 

Conditions on the Atomization and Distribution of" 
Fuel Sprays. T.R. No. 425, N.A.C.A., 1932* 

10, Mucklow, G. F.: The Effect of Reduced Intake-Air Pres- 
sure and of Hydrogen on the Porformance of a Solid 
Injection Oil Engine. The Automobile Engineer, Nov., 
1926. 



800-- ' ' ' • . -.'^.h 

i 

700- . , V iV 

V 



ID 

500- 



400- 



O 



aoo- 



I' 



■'1 . 

! 



4 



ft ■: 



300"'- ' ■ - • . •• • * i • • ■ ■ '%, 



100 .^..r- • ■• . . • • • '"^^^v.,,- 



L I 

60 40 

Crank aaagle, degreos Indicator dlagraa. 



J- L I I I I ■ J 1 I I 

J».T.u. au 60 40 20 7?.C. 20 40 60 60 100 A.T.O. 



I 
I 



¥.AiC.Ai Technical Note Not434 




Jig. 3 Ignition lag considering different quantities of fuel learned as 
the start of coabustion. 
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Fig. 5 
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Fig. 5 Effect of injection advance angle and valve- oxjeninf^ pressure 
ignition lag. --or 
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fig. 6 Effect of injection advance angle and inlet-air pressure on 
ignition la^. 
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Fig. 8 Sffect of injection advance angle and compression ratio on ig- 
nition lag. 
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Fig. 9 




Fig. 9 Effect of engine speed on ignition lag. 



